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Introduction 
I'm deeply honored to be invited to present the Brody Lecture. I have 
fond memories of the 17 years I spent in Missouri and of the many 
rewarding relationships I had with members of the faculty here at 
Columbia, particularly, Harold Johnson, Boyd O'Dell and Jimmy Savage. 
The subject of free radical tissue damage and the protective role of 
antioxidant nutrients has its origins in work of Olcott and Matill almost 
50 years ago. They proposed that vitamin E functioned as an in vivo 
antioxidant, i.e., it scavenged free radicals in tissues. It took many 
decades to provide adequate proof of this hypothesis. When I was at 
Monsanto over 25 years ago, I contributed to this subject by showing that 
a wide variety of synthetic antioxidants can prevent vitamin E deficiency 
symptoms in the chicken. 
The entire subject of free radical biology has expanded considerably 
in the last 10-15 years triggered by studies on antioxidant enzymes such 
as superoxide dismutase (SOD) and glutathione peroxidase (GPX), obser-
vations on ischemia reperfusion injury and a host of other discoveries. 
Several journals are now devoted to the subject and scientific conferences 
abound. 
Although there are many scientific issues to be resolved, it is clear 
that free radicals are involved in many disease processes and nutrition 
plays an important role in protecting the body against the consequences 
of free radical tissue damage. 
In the following I will discuss what free radicals are, where they come 
from, how they damage tissues and then briefly describe the antioxidant 
defense system of the body and the role of nutrition in maintaining this 
system and finally give two examples of health conditions influenced by 
antioxidant nutrients. 
Sources of Free Radicals 
If a reactive molecule contains one or more unpaired electrons, the 
molecule is termed a free radical. Most of the biological free radicals 
contain oxygen (Table 1). Active forms of oxygen such as singlet oxygen 
(102) and H20 2 although not radicals themselves lead to free radical 
formation and can also cause damage. 
Endogenous 
The formation of highly reactive, oxygen-containing molecular spe-
cies is a normal consequence of a variety of essential biochemical 
reactions. Endogenous sources of free radicals include those that are 
generated and act intracellularly, as well as those that are formed within 
the cell and are released into the surrounding area. Intracellular free 
radicals are generated from the autoxidation and consequent inactivation 
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TABLE 1 
Potentially Cytotoxic Species of Oxygen 
0 2--:- Superoxide anion radical 
H02. Hydroperoxyl radical 
Hydrogen peroxide 
Hydroxyl radical 
Peroxide radical (R = lipid) 
Singlet oxygen 
of small molecules such as reduced fl avins and thiols, ca techolamines, 
and from the activity of certain oxidases, cyclooxygenases, li poxy-
genases, dehydrogenases, and peroxidases. Oxidases and electron trans-
port sys tems are prime, continuous sources of intracellular, reactive 
oxygenated free radicals. Elec tron transfer from transition metals such as 
iron to oxygen-containing molecules can initiate free radica l reactions. 
The sites of free rad ical genera tion encom pass all cellular constituents 
including mitochondria, lysosomes, peroxisomes, and nuclear, endo-
plasmic reticu lar, and plasma membranes as well as sites within the 
cy toso l. (Fig. 1) 
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Exogenous 
Exogenous sources of free radicals include tobacco smoke, certain 
pollutants and organic solvents, anesthetics, hyperoxic environments, 
and pesticides. Some of these compounds as well as certain medications 
are metabolized to free radical intermediate products that have been 
shown to cause oxidative damage to the target tissues. Exposure to 
radiation results in the formation of free radicals within the exposed 
tissues. 
Consequences of free radical damage (Fig. 2) 
Free radicals can damage DNA, resulting in cell injury and muta-
genesis, and protein, resulting in denaturation and, decreased enzyme 
activity. The amino acids histidine, tryptophan, methionine and cysteine 
are particularly prone to attack. Damage to carbohydrate particularly as 
glycoproteins can result in alteration of receptors and depolymerization 
of substances such as hyaluronic acid. Free radical - induced lipid 
oxidation can cause damage to the membrane directly by causing 
alterations in the PUFA and indirectly by formation of secondary 
products such as reactive aldehydes (E.g., malondialdehyde, hydroxy-
alkenals) Figs. 3-4. 
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Antioxidant function of nutrients 
Lipid peroxidation is a ch ain reaction (Fig. 3) whi ch can be terminated 
when two radical s reac t with each o ther o r when a chain-breaking 
antioxidant such as vi tamin E reac ts with a radical to form a less reac tive 
radical (tocopheroxy ra dical). Tocopheroxy radica l ca n be reduced to 
tocopherol by ascorbic acid (vitamin C) or reduced glutathione. 
Nutrients with antioxidant functions 
Vitamin E (alpha tocopherol), the major lipid-soluble antioxidant in all 
cellular membranes, not only reac ts with the p eroxy rad ical (ROO·) but 
with the hydroxyl radica l (HO·), superoxid e radi ca l (0 2--:- ), and also 
quench single t oxygen (102) . 
It is clea r that vitamin E does function as a n in vivo antioxidant as 
evidenced by the increased concentration of aldehyde, p e roxides, and 
lipofu scin in the ti ssues of vitamin E defi cient animals. Furthermore 
pentane, a product of peroxidation of n-6 fatty acid s, is s ignifi cantly 
increased in the exhaled air of vitamin E deficient animals and humans. 
O ther vitamin s and minerals also have pro tective roles aga ins t radical 
dam age either by direc t antioxidant activities or as precursors of "a ntioxi-
dant" enzymes. (Table 2) 
Nutrient 
Vitamin C 
(ascorbic acid) 
Vitamin E 
(alpha-tocopherol) 
B-Carotene 
Zinc 
Selenium 
Copper 
Iron 
Maganese 
TABLE 2 
Antioxidant micronutrients 
Activity 
Important water-soluble cytosolic chain-breaking an-
tioxidant ; reacts directly with superoxide, singlet 
oxygen ; regenerates tocopherol from tocopheroxy 
radical 
Major membrane-bound, lipid-soluble chain-break-
ing antioxidant; reacts directly with superoxide, sin-
glet oxygen 
Most potent singlet oxygen quencher, antioxidant 
properties particularly at low oxygen pressure, lipid 
soluble 
Constituent of cytosolic superoxide dismutase and 
metallothionein, membrane stabilizer 
Constituent of glutathione peroxidase 
Constituent of cytosolic superoxide dismutase and 
ceruloplasmin 
Constituent of catalase 
Constituent of mitochondrial superoxide dismutase 
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Ascorbic acid is water soluble and has bee n show n to react directly 
with the 0 2--:-, I-TO· a nd 10 2 and can also regenerate the reduced 
antioxidant form of vitamin E from th e vitamin E radical. Tn the presence 
of transition metal s ascorbic acid ca n provoke the formation of free 
radical s. However, there is no evidence th at this pro-oxidant effect occurs 
Ln V IVO . 
Beta ca rotene, a pigment found in all plants, is the most efficient 
quencher of single t oxygen known in nature and can also function as an 
antioxidant. Beta carotene is the major caro tenoid precursor of vitamin 
A. Vitamin A, howevet~ ca nnot quench s inglet oxygen and has only a 
limited capacity to scavenge free radicals. 
Following its reaction with 10 2, beta carote ne dissipates the energy 
taken up in the molecule, and re turn s to its g round sta te. One molecule 
of beta carotene can deactivate many 10 2 molecules (about 1000). 
Several essen tial mine rals are cons tituents of protective antioxidant 
en zymes. Zinc and copper, are req uired for sy nthesis of cytosolic 
superoxide dismutase (SOD) and ma nganese for the mitochondrial SOD. 
Howevet~ dietary deficiencies of copper and manga nese have been 
shown to lower ti ssue SOD, whereas a zinc deficiency has had little effect 
on tissue levels of the enzyme. In fact, high levels of zinc have bee n 
found to lower SOD presumably by inducing a copper deficit. On the 
other hand, zinc may be importa nt as a membrane stabilizer and as a 
precursor of metallothionein, a protein with antioxidant properties. 
Selenium as an essential component of glutathione peroxidase (GPX), an 
enzyme important in the decomposition of both hydrogen peroxide and 
lipid peroxides. Catalase, a heme protein (iron), catalyzes the decomposi-
tion of hydrogen peroxide. 
The sulfur amino acids, methionine and cystei ne may be important as 
precursors of the cysteine-containing peptide, glutathione an important 
component of the antioxidant defense sys te m (Figure 5). 
It is important to note that the antioxidant en zymes are primarily 
intracellular and thus extracellular free radicals, either endogenously 
produced or from the environment, must be inactivated by the circulating 
antioxidants such as the antioxidant vitamins discussed above as well as 
by ceruloplasmin. The level of dietary intake of all the antioxidant 
micronutrients directly affects the circulating level of these nutrients and 
the ac tivity of the antioxidant metalloenzymes. Thus, low intakes of one 
or more of these antioxidant nutrients could reduce the body's defenses 
against free radical damage and increase susceptibility to health prob-
lems associated with free radical damage. Each ti ssue or cell has a unique 
composition in regard to antioxidant protection, pro-oxidant compo-
nents, and exposure to free radicals. Health or pathology depends upon 
the balance of these three factors. Some examples of the special condi-
tions that exist in certain tissues and the possible consequences are given 
in Table 3. 
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FIGURE 5 
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TABLE 3 
SO D+ Glutathione Peroxidase 
+ GSH 
Example of special conditions which can predispose 
specific tissues to free radical damage 
Tissue Special Possible 
conditions consequences 
Lung High exposure to 0 2 , 0 3 , Emphysema, cancer 
N02 , smoke 
Synovial fluid No SOD, GSH Arthritis 
peroxidase, catalase 
Exposure to inflammatory 
cells 
Retina High PUFA, High 0 2 Retinal degeneration 
Exposure to light 
Lens Exposure to light Cataract 
Low protein turnover 
Brain High PUFA, autoxidation Parkinson's 
of catecholamines, low 
turnover 
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Antioxidant Interactions 
ln addition to direct quenching of reactive, damaging free radicals, 
vitamin C has been clearly shown to interact with the tocopheroxyl 
radical and to regenerate the reduced tocopherol. Thus, vitamin C can 
have a "sparing effect" on vitamin E. 
Vitamin E can protect the conjugated double bonds of beta carotene 
from oxidation and thus have a sparing effect on this vitamin. Vitamin E 
can protect against many of the symptoms of selenium deficiency and 
vice versa. These sparing as well as synergistic actions are thought to 
result from the ability of both tocopherol and selenium-dependent GPX 
to decrease the production of lipid autoxidation products. Studies in 
animals and man suggest that both vitamin E and selenium are neces-
sary for maximum protection against cancer. 
As a result of these interactions, there may be other health conditions 
where combinations of vitamin E, C, beta carotene and selenium may be 
more effective than any single nutrient. 
Health implications of free radical damage 
The range of antioxidant defenses available within the cell and 
extracellularly are generally adequate to protect against oxidative dam-
age. Howeve1~ the balance can be lost because of overproduction of free 
radicals, by exposure to sources that overwhelm the antioxidant de-
fenses, or by inadequate intake of nutrients that contribute to the defense 
system. 
Two examples of health effects of free radical damage where there is 
considerable evidence that antioxidant nutrients can protect, are lung 
cancer and cataracts. There is considerable evidence that smoking 
increases the risk of lung cancer and recently evidence has accumulated 
that consumption of foods high in beta carotene reduces the risk of lung 
cancer (and some other cancers as well) Fig. 6 & 7. 
There is considerable chemical evidence to support the hypothesis 
that cataracts are the result of the accumulation of free radical insults over 
a course of many years (Table 4). Furthermore, studies in animals have 
shown that vitamin E and C both slow the onset of cataracts in animal 
models, and that human subjects taking vitamin C or E supplements 
have a reduced relative risk of cataracts (Table 5). 
There are many other examples of free radical-mediated disease 
processes where nutritional intervention could possibly play an impor-
tant role. In addition to the diseases mentioned earlier is this report, 
cardiovascular disease, arthritis diabetes, macular degeneration photo-
dermatoses, and the aging process itself are worth continued exploration. 
Of course there are many scientific issues remaining. We need less 
equivocal methodologies which would permit us to detect and quantify 
free radical injury particularly in vivo. In most cases more information is 
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FIGURE 6 
FIGURE 7 
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TABLE 4 
Evidence for Oxidative Damage to the Lens (Human Studies) 
o Incidence related to exposure to ultraviolet and near ultra-
violet light 
o In cataracts find increased: 
- H20 2 , Malondialdehyde (MDA) 
- Disulfides, dityrosine, methionione sulfone 
In cataracts find decreased : 
o Superoxide dismutase (SOD), glutathione peroxidase and 
catalase 
o Reduced glutathione early in development 
TABLE 5 
Effect of Vitamins E & C Supplements on Cataracts* 
People Over 55 Years Old 
Supplement 
None 
Vitamin E 
Vitamin C 
Vitamins E & C 
*Robertson (1987) 
Relative risk 
1.00 
0.40 (P = .003) 
0.25 (P = .04) 
0.32 (P = .05) 
GCR N-122113, L. J . Machlin 
s till necessary to es tabli sh the casua lty be tween free radica l injuries and 
eventual patholog ies. Finally, there is an enormous opportunity tci better 
define the role of nutrition in helping prevent or at leas t delay the onse t of 
a hos t of slowly developing chronic health problems. 
Summary 
In summary, it is clea r that the area of free radical biology is emerging 
quite rapidly. Free radical injury to tissues is certainly not responsible for 
all of the health problem s of the world. However, there is already 
considerable evidence that a free radical etiology at leas t partially 
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underlies many pathological processes and that nutrition plays an 
important protective role against such processes and their subsequent 
health effects. 
It will take considerably more effort to completely comprehend and 
utilize this emerging science, but in view of the potential rewards in 
terms of enhanced public health, the effor t is cer tainly warranted. 
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